Pyrazinamide (PZA) is a first-line antitubercular drug for which the mode of action remains unresolved. Mycobacterium tuberculosis lacks measurable susceptibility to PZA under standard laboratory growth conditions. However, susceptibility to this drug can be induced by cultivation of the bacilli in an acidified growth medium. Previous reports suggested that the active form of PZA, pyrazinoic acid (POA), operates as a proton ionophore that confers cytoplasmic acidification when M. tuberculosis is exposed to an acidic environment. In this study, we demonstrate that overexpression of the PZA-activating enzyme PncA can confer PZA susceptibility to M. tuberculosis under neutral and even alkaline growth conditions. Furthermore, we find that wild-type M. tuberculosis displays increased susceptibility to POA relative to PZA in neutral and alkaline media. Utilizing a strain of M. tuberculosis that expresses a pH-sensitive green fluorescent protein (GFP), we find that unlike the bona fide ionophores monensin and carbonyl cyanide 3-chlorophenylhydrazone, PZA and POA do not induce rapid uncoupling or cytoplasmic acidification under conditions that promote susceptibility. Thus, based on these observations, we conclude that the antitubercular action of POA is independent of environmental pH and intrabacterial acidification.
T he first-line antitubercular drug pyrazinamide (PZA) is an essential component of tuberculosis (TB) short-course therapy. The inclusion of PZA in this regimen has yielded a significant reduction in relapse rates and has shortened treatment durations from 9 to 6 months (1). However, the increasing global burden of multidrug-resistant and extensively drug-resistant TB threatens the durability of antitubercular therapy (2) . Acquisition of a better understanding of the requirements for PZA susceptibility in Mycobacterium tuberculosis will facilitate the optimization of treatment regimens. Furthermore, elucidating the mode of PZA action will guide the discovery of mechanistically related novel compounds to improve TB therapy and circumvent drug resistance.
PZA is a prodrug whose antimycobacterial activity necessitates hydrolysis to pyrazinoic acid (POA) by the M. tuberculosis nicotinamidase/pyrazinamidase PncA (3, 4) . PncA is a component of the NAD ϩ salvage pathway in M. tuberculosis, which is nonessential for growth as the bacilli express a de novo NAD ϩ biosynthesis pathway (5, 6) . Loss-of-function mutations in pncA confer no discernible fitness defect and represent the primary molecular mechanism for PZA resistance in clinical and laboratory isolates of M. tuberculosis (3) . As recently reviewed by Zhang and colleagues (7), additional PZA resistance mechanisms have been suggested from in vitro studies, including enhanced POA efflux, structural alterations in the ribosomal protein RpsA (8) , and alterations in the pantothenate/coenzyme A biosynthetic pathway (9) (10) (11) . The overall contribution of the latter putative resistance mechanisms has yet to be confirmed in a clinical setting or in mammalian models of TB infection.
While PZA exerts a sterilizing bactericidal effect against M. tuberculosis in humans and in animal models of infection (12) (13) (14) (15) , it shows no notable activity against bacilli under standard laboratory growth conditions (16) . In vitro, PZA-mediated bacteriostasis of M. tuberculosis can be induced by incubation under conditions of mild acidity (17) and coincubation with efflux pump inhibitors (18) . Furthermore, the bactericidal activity of PZA can be induced under acidic incubation conditions by nutrient limitation (19, 20) , anaerobiosis (21) , and exposure to compounds that interfere with energy metabolism (22) . It is conceivable that a common feature of these conditions is that they all promote cytoplasmic accumulation of POA, yet this model has not been experimentally evaluated.
Several models have been proposed to explain the mechanistic basis for the antitubercular action of PZA (8, 10, 22, 23) . Of these, POA-mediated proton shuttling leading to cytoplasmic acidification of the bacilli remains the most widely accepted model for PZA action (7, 22, 24) . In this model, PZA passively diffuses across the mycobacterial wall and inner membrane, where it is hydrolyzed to POA by the cytoplasmic amidase PncA. Negatively charged POA (pK a of 2.9) is then eliminated from the cytoplasm by an unidentified mechanism. Once in the mildly acidic extracellular milieu (typically pH ϳ6 for PZA susceptibility assays [25] ), a small proportion of extracellular POA becomes protonated and passively diffuses back into the cytoplasm. In the slightly alkaline cytoplasm (pH 7.4) (26), POA becomes deprotonated, completing the cycle. Through repeated rounds of cycling, POA drives equilibration of the extracellular and intracellular pH, resulting in cytoplasmic acidification and pleiotropic impairment of cellular metabolism.
Recent reports have revealed that the acid dependence of PZA action can be diminished through coincubation with efflux pump inhibitors (18, 27) or by overexpression of PncA (28) . Nonetheless, proton shuttling resulting in cytoplasmic acidification remains a plausible but untested model for PZA action. Thus, in this study, we chose to more thoroughly examine the link between pH and PZA susceptibility. In the context of pncA overexpression, we establish that PZA susceptibility is independent of environmental pH. Moreover, by monitoring intrabacterial pH using an intravital fluorescent reporter, we find that POA does not display robust proton ionophore (protonophore) activity. Thus, we conclude that inhibition of M. tuberculosis growth by PZA or POA can be uncoupled from extracellular and intracellular pH and is not likely attributable to proton shuttling and cytoplasmic acidification.
MATERIALS AND METHODS
Bacterial strains and culture conditions. M. tuberculosis strains H37Ra and H37Rv were gifts from W. R. Jacobs, Jr., Albert Einstein College of Medicine. Strains were grown in Middlebrook 7H9 medium (Difco) supplemented with 10% (vol/vol) oleic acid-albumin-dextrose-catalase (OADC) (Difco), 0.2% (vol/vol) glycerol, 0.05% (vol/vol) tyloxapol, and 50 g/ml kanamycin and 150 g/ml hygromycin as necessary. For nutrient-limited PZA survival assays, M. tuberculosis H37Ra cells were incubated in phosphate-buffered saline (PBS) (pH 7.0) containing 0.05% (vol/ vol) tyloxapol.
Construction of pncA overexpression vectors. M. tuberculosis pncA was amplified from pTIC6a::pncA (28) by PCR with primers 5=-CATCC CGGCGTTGATCTGTG-3= and 5=-TAATCGCGGCCTCGAGCAAG-3=, digested with HindIII and NheI, and ligated into the mycobacterial replicative and integrative expression vectors pUMN002 and pUMN007, respectively. Recombinant plasmids were propagated in DH5␣ cells and maintained with kanamycin selection. M. tuberculosis strain H37Ra was transformed with the pncA expression plasmids by electroporation and selected on supplemented 7H10 agar containing kanamycin.
Antimicrobial susceptibility assays. Antimicrobial susceptibility was determined by measuring the optical density at 600 nm (OD 600 ) of the respective cultures. Susceptibility testing was performed by using supplemented 7H9 medium at pH 5.8. The MIC 90 for antimicrobial compounds was defined as the minimum concentration required for inhibition of at least 90% of growth relative to the growth of the no-antimicrobial control. Exponentially growing cultures of M. tuberculosis were diluted to an OD 600 of 0.01 in 5 ml of supplemented 7H9 medium in 30-ml square Nalgene bottles. Antimicrobial compounds were added to the final concentrations indicated in the figure legends. Cultures were incubated at 37°C with shaking on a rotary platform at 100 rpm for 14 days. After incubation, 20-l aliquots of the no-antimicrobial control cultures and cultures incubated with antimycobacterial compounds at the MIC 90 were removed and spotted onto pH paper to determine the culture pH.
Survival kinetics and dose response. Exponentially growing cultures of M. tuberculosis H37Ra were centrifuged and resuspended in PBS (pH 7.0) containing tyloxapol (0.05%). Cultures were starved for 2 days an then diluted to an OD 600 of 0.01 in 5 ml of PBS with tyloxapol (0.05%) in 30-ml square Nalgene bottles. PZA was added at the specified concentrations. For acid survival, exponentially growing cultures of M. tuberculosis were diluted to an OD 600 of 0.01 in 5 ml of supplemented 7H9 medium at pH 5.8 in 30-ml square Nalgene bottles. At the indicated time points, culture aliquots were plated for CFU enumeration. For dose-response determinations, starved cultures were diluted to an OD 600 of 0.01 in PBS (pH 7.0) containing tyloxapol (0.05%) and the specified PZA concentrations. Cell suspensions were incubated for 3 weeks, and viability was monitored by plating for CFU.
Pyrazinamidase assays. Pyrazinamidase activity was determined as previously described (28) . Briefly, mid-exponential-phase cultures of M. tuberculosis grown in supplemented 7H9 medium (pH 6.8) were treated with 2 mM PZA and incubated at 37°C with shaking. At various time points, 1 ml of culture was removed and centrifuged (13,000 ϫ g for 10 min), and 100 l of 200 mM fresh ferrous ammonium sulfate (SigmaAldrich) was added. Samples were incubated at 4°C for 24 h and then centrifuged (13,000 ϫ g for 5 min), and the OD 468 was measured. A millimolar extinction coefficient of 0.68 was used to determine the POA concentration (28) .
Quantitative reverse transcription-PCR. For quantification of pncA expression, quantitative reverse transcription-PCR (qRT-PCR) was performed. Briefly, mid-exponential-phase M. tuberculosis cells were harvested via centrifugation. Cell pellets were resuspended in 500 l TRIzol (Invitrogen) containing 1% polyacryl carrier (Molecular Research Center), and RNA was extracted by bead beating with 0.1-mm zirconia beads. The remaining DNA was removed by treatment with a Turbo DNA-free kit (Ambion). Gene-specific primers for qRT-PCR were designed with Primer3 software (http://bioinfo.ut.ee/primer3). qRT-PCR was performed with the QuantiFast SYBR green RT-PCR kit (Qiagen). qRT-PCR mixtures were prepared with 2ϫ QuantiFast SYBR green RT-PCR master mix, 10 M primers, 0.1 l QuantiFast RT mix, and 1 ng RNA and were run on a LightCycler480 instrument under the following cycle conditions: 50°C for 10 min; 95°C for 5 min; and 35 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 20 s, with fluorescence quantification for each cycle. A melting curve cycle of 95°C for 15 s, 60°C for 15 s, and 95°C with a 2% ramp rate was used to determine product specificity. To test for contaminating DNA, control qRT-PCR without reverse transcriptase was performed.
Intrabacterial pH determination. pH-sensitive green fluorescent protein (pH-GFP) was a gift from Sabine Ehrt, Weill Cornell Medical College. H37Ra/pUMN007 and H37Ra/pUMN007::pncA were transformed with pH-GFP and selected on supplemented 7H10 medium containing 150 g/ml hygromycin and 50 g/ml kanamycin as needed. Transformants were propagated in supplemented 7H9 medium containing hygromycin and kanamycin as necessary. Intrabacterial pH was determined as previously reported (26), with modifications. Briefly, mid-exponential-phase H37Ra cells expressing pH-GFP were transferred to acidified or neutral medium by centrifugation (3,000 rpm for 10 min) and resuspended to a final OD 600 of 0.1 in 5 ml supplemented 7H9 medium at pH 5.8 or pH 7.0 in 30-ml square Nalgene bottles. Antimycobacterial compounds and ionophores were added to the final concentrations indicated in the text. At the specified time points, 200 l of culture was transferred to a black-walled 96-well plate, and fluorescence was assessed by excitation of samples at 395 nm and 475 nm and recording emission at 510 nm by using a Molecular Devices SpectraMax M2 plate reader. Ratios of emissions obtained from excitations at 395 to those obtained at 475 nm were correlated to pH by using a standard curve that was generated by placing 20 l of total protein extract of H37Ra cells expressing pH-GFP into 200 mM sodium phosphate-100 mM citrate buffer at pH intervals of 5.5 to 8.5 in pH 0.5 increments. A sigmoidal Hill equation was fit to the ratios of excitation at 395 nm/excitation at 475 nm by using GraphPad Prism 6 for pH calculation.
Membrane potential determination. Membrane potential was assessed as previously described (29), with modifications. Briefly, mid-exponential-phase M. tuberculosis H37Ra cells grown in supplemented 7H9 medium were transferred to acidic or neutral medium by centrifugation (3,000 rpm for 10 min) and resuspended to a final OD 600 of 0.1 in 5 ml supplemented 7H9 medium at pH 5.8 or pH 7.0 in 30-ml square Nalgene bottles. Antimycobacterial compounds and ionophores were added to the final concentrations indicated in the text and incubated at 37°C. At 30 min, 180 l was removed, 20 l of 150 M 3,3-diethyloxicarbocianide chloride [DiOC 2 (3)] was added, and the mixture was incubated at room temperature for 30 min. Cells were then washed, resuspended in supplemented 7H9 medium, transferred to a black-walled 96-well plate, and analyzed in a Molecular Devices SpectraMax M2 plate reader, and fluorescence was assessed by excitation of samples at 488 nm and recording the emissions at 530 nm and 610 nm. Ratios of the emission at 610 nm/ emission at 530 nm were calculated.
RESULTS
pncA overexpression confers susceptibility to PZA at neutral and alkaline pH. To further evaluate the association between environmental pH and PZA susceptibility in M. tuberculosis, we overexpressed pncA from a constitutive mycobacterial promoter (30). Overexpression of pncA by 100-fold was confirmed by using qRT-PCR, which was further corroborated by PncA activity assays confirming a 100-fold increase in the rate of cell-mediated conversion of PZA to POA (Table 1) . Consistent with previously reported results (28, 31) , M. tuberculosis H37Rv overexpressing pncA demonstrated PZA hypersusceptibility in acidic growth medium (Table 1 ). In addition, pncA overexpression also conferred PZA susceptibility under neutral and alkaline growth conditions (Table 1 ). This PZA susceptibility phenotype is in contrast to that of M. tuberculosis with wild-type pncA expression levels, which demonstrated PZA susceptibility in acidic medium and resistance to Ͼ13 mM PZA in neutral and alkaline media (Table 1 ). In addition, we found that wild-type M. tuberculosis showed increased susceptibility to POA, relative to PZA, in both neutral and alkaline media ( Table 1 ). Considering that these PZA and POA susceptibility studies were conducted with 7H9 medium, which has a weak buffering capacity, we evaluated culture pH at the conclusion of susceptibility testing. There was no notable change in pH for growth-inhibited pH 5.8 or pH 7.0 cultures. However, the pH of alkaline cultures containing PZA or POA at the MIC 90 decreased slightly to pH 7.5.
pncA expression is not acid inducible and demonstrates no significant strain disparity. Considering that overexpression of pncA can confer PZA susceptibility at neutral and alkaline pH, we performed qRT-PCR to determine if pncA expression is acid responsive. Exponential-phase cultures of M. tuberculosis were subcultured in acidified supplemented 7H9 medium (pH 5.8) for 24 h, at which point RNA was extracted and qRT-PCR was performed. There was no significant change in pncA expression levels under conditions of acid incubation in either M. tuberculosis strain H37Ra or strain H37Rv (Fig. 1) .
PZA is bactericidal for M. tuberculosis in nutrient-limited, neutral-pH medium. Consistent with previously reported findings (19, 20) , we observed that PZA produces a bactericidal effect against nutrient-limited M. tuberculosis cells. However, while previous reports described the bactericidal activity of PZA under nutrient-limited acidic conditions, we find that this bactericidal activity can occur at neutral pH ( Fig. 2A and B) . Under nutrientlimiting, neutral-pH conditions, physiologically relevant PZA concentrations became bactericidal against M. tuberculosis after 5 days of incubation ( Fig. 2A) , while there was no discernible bactericidal activity in nutrient-replete acidic medium (Fig. 2C) . Additionally, the bactericidal activity of PZA at neutral pH demonstrates dose-dependent activity with a minimum bactericidal concentration of 1.6 mM (Fig. 2B) .
Effects of PZA and POA on M. tuberculosis cytoplasmic acidification. To address the longstanding question of whether POA functions as a protonophore, we utilized a pH-sensitive green fluorescent protein (pH-GFP) (26, 32) that enabled us to monitor the intrabacterial pH of live M. tuberculosis cells. Our rationale was that POA should function in a fashion similar to that of the characterized protonophore carbonyl cyanide 3-chlorophenylhydrazine (CCCP) (33) . Growing M. tuberculosis cells were treated with CCCP, the sodium ionophore monensin (34), POA (Fig. 3A) , and PZA (Fig. 3B) at the MIC and concentrations 10-fold above and below the MIC. CCCP and monensin induced rapid and dosedependent acidification of the cytoplasm (Fig. 4A and B) . Indeed, mild cytoplasmic acidification was observed at concentrations 10-fold below the MIC for these ionophores. In stark contrast, POA did not induce measurable cytoplasmic acidification over 2 h of incubation when included at the MIC (Fig. 4C) . However, slight acidification was observed when POA was present at a concentration 10-fold above the MIC (Fig. 4C) . Similar to results obtained with POA, no significant cytoplasmic acidification was observed with PZA, even at the highest concentration tested (Fig. 4D) . When M. tuberculosis was exposed to PZA and POA over several days, there was slow and subtle acidification of the cytoplasm (Fig.  4E and F) . To determine if this slow acidification was associated with PZA-mediated inhibition of M. tuberculosis growth or a sec- 3C) , with mild cytoplasmic acidification only at the highest concentrations of PZA examined (Fig. 4G) . Significantly, lower PZA concentrations that fully inhibited growth did not induce cytoplasmic acidification (Fig. 4G) . Impact of POA on membrane potential in acidic medium. Given the lack of cytoplasmic acidification, we proceeded to evaluate the previous suggestion that POA disrupts the membrane potential of M. tuberculosis (22) . Growing M. tuberculosis H37Ra cells were treated with 10 M CCCP as a control or POA at 0.1-, 1.0-, and 10-fold the MIC, followed by incubation with the membrane-permeable fluorescent dye DiOC 2 (3). Consistent with data from previous reports and our evaluation of intrabacterial pH, CCCP induced a significant loss of membrane potential (29) , while concentrations of POA 10-fold above the MIC failed to significantly modify the membrane potential of M. tuberculosis at acidic pH (Fig. 5) .
DISCUSSION
The increasing threat to TB therapy posed by drug-resistant strains of M. tuberculosis necessitates a deeper understanding of PZA action and potentiation. Therefore, in this study, we investigated the dependence of PZA susceptibility in M. tuberculosis on environmental pH. Overexpression of PncA in M. tuberculosis conferred hypersusceptibility to PZA at acidic, neutral, and alkaline pH. Furthermore, bactericidal activity of PZA against M. tuberculosis under conditions of nutrient limitation at neutral pH was observed. These observations demonstrate that an acidic environment is not essential to sensitize M. tuberculosis to PZA. Accordingly, while acidic incubation conditions potentiate the action of PZA, growth inhibition by POA is far less dependent upon acidic pH. Indeed, we found that M. tuberculosis is susceptible to POA at neutral and alkaline pH. A possible explanation for the disparity in pH requirements for POA and PZA actions could lie in differences in the rates of accumulation of a critical concentration of POA. Indeed, it has been demonstrated that POA accumulates more readily under acidic incubation conditions (18) . Additionally, the disparity in pH requirements could possibly be explained by differing mechanisms of action at acidic and neutral pH. It was previously reported that Streptococcus bovis lowers its internal pH to prevent significant anion accumulation and thereby enables growth at a reduced pH in the presence of abundant organic acids (35) . Therefore, the growth inhibition under neutral-pH conditions could be due to significant POA anion accumulation. However, the observation that POA inhibits growth at neutral and alkaline pH suggests that this model is unlikely and that the intracellular target(s) of POA requires a critical concentration of POA for inhibition.
Significantly, acid-mediated potentiation of PZA susceptibility is independent of changes in the expression of pncA in both attenuated and virulent strains of M. tuberculosis, H37Ra and H37Rv, respectively. It is worth noting, though, that H37Ra carries a single nucleotide polymorphism in phoP conferring a nonsynonymous serine-to-leucine change at position 219 in PhoP that compromises its DNA binding function (36) . phoP encodes the DNA response regulator PhoP of the two-component signal transduction system PhoPR. Previous studies demonstrated a role for PhoPR in the acid stress response (37) . Considering that H37Ra and H37Rv have similar pncA expression levels, the activation of PZA does not appear to be a consequence of PhoP or acidic pH, although these findings do not exclude the possibility that other PhoPR acidresponsive targets could have relevance in PZA activity. Changes in the PhoP regulon could provide a possible explanation for the discrepancy in PZA MICs at pH 5.8 between H37Ra and H37Rv.
A key facet of the proton ionophore model of PZA action is the suggestion that POA drives acidification of the M. tuberculosis cytoplasm. While previous studies reported acidification of the M. tuberculosis cytoplasm upon treatment with PZA, those studies were conducted under conditions of starvation and extreme acid stress (pH 4.5) (38) . In contrast to those findings, we observed only minimal acidification of the M. tuberculosis cytoplasm following PZA or POA treatment in nutrient-replete, moderately acidic medium (pH 5.8). Importantly, PZA and POA showed drastically delayed and less substantial degrees of acidification than the well-characterized ionophores monensin and CCCP, which exhibited rapid and dose-dependent acidification. Additionally, concentrations of POA that were at least 1,600-fold higher than the molar equivalent concentration of CCCP that confers cytoplasmic acidification demonstrated no appreciable acidification. Furthermore, POA failed to significantly alter the membrane potential at acidic pH, suggesting that the active form of POA does not appear to function as a robust protonophore.
Prolonged incubation of M. tuberculosis with PZA or POA eventually resulted in modest acidification. The acidification of the cytoplasm after extended incubation with POA is not surprising considering that POA has been demonstrated to reduce ATP production in Mycobacterium bovis (39) , which could ultimately compromise membrane potential and allow cytoplasmic acidification as a secondary consequence. Conversely, acidification conferred by PZA treatment could involve the PncA-dependent production of ammonia. A previous report suggested that ammonia produced by PncA hydrolysis of PZA could contribute to an eventual acidification of the cytoplasm through bacterial efflux of ammonia and proton accumulation (31) . This phenomenon could explain the initial acidification observed with the highest concentration of PZA tested. Notably, though, inhibitory concentrations of POA and PZA do not lead to a marked decrease in intrabacterial pH, suggesting that growth arrest does not necessitate cytoplasmic acidification. Taken together, these data demonstrate that susceptibility of M. tuberculosis to PZA and POA is independent of environmental pH and is not attributable to cytoplasmic acidification and proton shuttling.
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